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Abstract
Acoustic metamaterials are structures with exotic acoustic properties, having promising applica-
tions in acoustic beam steering, focusing, impedance matching, absorption and isolation. Recent
work has shown that the efficiency of many acoustic metamaterials can be enhanced by controlling
an additional parameter known as Willis coupling, which is analogous to bianisotropy in electromag-
netic metamaterials. The magnitude of Willis coupling in an acoustic meta-atom has been shown
theoretically to have an upper limit, however the feasibility of reaching this limit has not been
experimentally investigated. Here we introduce a meta-atom with Willis coupling which closely
approaches this theoretical limit, that is much simpler and less prone to thermo-viscous losses than
previously reported structures. We perform two-dimensional experiments to measure the strong
Willis coupling, supported by numerical calculations. Our meta-atom geometry is readily modeled
analytically, enabling the strength of Willis coupling and its peak frequency to be easily controlled.
Together with its ease of fabrication, this will facilitate the design of future high efficiency acoustic
devices.
2
Acoustic metamaterials [1, 2] have demonstrated unique material properties which do not
exist naturally, such as negative bulk modulus [3] and negative dynamic mass density [4].
These properties have enabled the development of acoustic superlenses [5–7], barriers [8],
cloaking devices [9] and the enhancement of non-linear effects [10]. Metamaterials are typi-
cally arrays of sub-wavelength structures, known as meta-atoms, with geometry engineered
to control their dynamic mass and stiffness. It has recently been shown that more effi-
cient metamaterial designs can be created by incorporating an additional degree of freedom,
represented by the Willis coupling parameter.
Willis coupling is a term in the acoustic and elastic constitutive relations that couples
potential and kinetic energy [11–13], analogous to the bianisotropy parameter in electro-
magnetism [14, 15]. The Willis coupling and bianisotropy parameters can only be non-zero
in structures which lack mirror symmetry about one of their major axes, and their inclusion
into the constitutive relations has been shown to resolve violations of causality and passivity
in metamaterial homogenization [16, 17]. Recent work has demonstrated that the incor-
poration of Willis coupling or bianisotropy into metamaterial structures of sub-wavelength
thickness, known as metasurfaces, can improve their efficiency when refracting at large an-
gles [18–20]. While bianisotropy has been demonstrated and engineered in a wide range
of electromagnetic meta-atom designs [21], approaches for controlling the degree of Willis
coupling in acoustic meta-atoms are not well-established.
Recently, a bound on the maximum value of the Willis coupling parameter was de-
rived, based on the conservation of energy [19]. It was shown how meta-atoms can be
designed to reach this theoretical bound, using space-coiling structures with long meander-
line channels [19, 22–24]. While such structures are advantageous for achieving resonance in
a sub-wavelength volume, they are difficult to manufacture reproducibly, typically requiring
additive manufacturing techniques. Moreover, their channel widths are often comparable to
the viscous and thermal boundary layer thickness, and their channel lengths are of the order
of the wavelength, leading to high thermo-viscous losses, and a significant reduction in scat-
tering efficiency [25–27]. It was shown numerically in Ref. [19] that the thermo-viscous losses
in space-coiling meta-atoms can reduce their Willis coupling magnitude to be significantly
lower than the theoretical bound.
Experimental evidence of Willis coupling has been reported in both one-dimensional
[2, 28], and two-dimensional metamaterial structures [18]. However, the theoretical limit on
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the strength of Willis coupling has not been tested experimentally, and it remains unknown
how closely this limit may be approached in practice. To resolve this question we propose an
acoustic meta-atom, which is designed to realize maximum Willis coupling and to minimize
thermo-viscous losses. Experimental results obtained from a fabricated sample are compared
to numerical calculations, showing good agreement of the resonant frequency and lineshape,
with a reduction in magnitude that we attribute primarily to the compliance of the 3D
printed material. The simplicity of the structure enables us to present an analytical model
for its polarizability, showing how the Willis coupling can be tailored to have any value
between zero and the theoretical bound.
RESULTS
Acoustic wave interaction with a meta-atom is conveniently described by its polarizability
tensor. Due to the sub-wavelength size of meta-atoms, their scattering is dominated by
monopole and dipole moments, and their polarizability can be written asM
D
 = α
p˘inc
v˘inc
 =
αpp αpv
αvp αvv
p˘inc
v˘inc
 , (1)
where M is the scalar monopole moment, D is the vector dipole moment, α is the polariz-
ability tensor, p˘inc and v˘inc are the incident pressure and the velocity at the center of the
meta-atom [19]. The off-diagonal terms αpv and αvp represent the Willis coupling between
the dipolar and monopolar responses.
Meta-atom design
We show how the reported structures exhibiting Willis coupling [2, 19, 28] can be replaced
by a simpler, and more reproducible structure, by avoiding thin channels and large areas of
fluid-structure interfaces. The structure can be tuned to achieve any value of Willis coupling
up to the theoretical bounds and can be readily analyzed using a closed form analytical
solution which assists in understanding the physical mechanisms behind its operation.
Achieving a strong acoustic polarizability in a small volume requires a resonant structure.
Inspired by resonant sonic crystals [8] and Helmholtz resonators with multiple apertures
[29–31], our novel meta-atom design is presented in Fig. 1. This meta-atom exhibits Willis
4
Meta-atom design RESULTS
coupling due to the asymmetrical neck openings. The air within each neck is treated as
an incompressible mass, while the air in the cavity acts as a spring, together creating an
oscillating system excited by an incident acoustic wave. Since the oscillation occurs in the
fluid domain only, this avoids wave coupling through fluid-structure interfaces. Since the
structure avoids long and thin channels, thermo-viscous losses are expected to be greatly
reduced.
FIG. 1. Geometrical shape and dimensions of meta-atom, where a is the cylinder radius and ri is
the cavity radius. The neck widths wn are in general different for each aperture, the neck length l
is common to all apertures and the cavity volume V = pir2i .
Peak Willis coupling is expected to occur close to the Helmholtz resonator’s eigenfre-
quency, which is dependent on the air mass moving within the apertures and the inner
cavity volume. In two dimensions (2D), the moving mass is determined by the aperture
cross-sections An = wn and the neck length l, which is equal for all apertures due to the
inner and outer cylindrical boundaries being concentric. The 2D-volume V = pir2i is de-
termined by the inner radius ri = a − l, where a is the outer radius. Following this, the
eigenfrequency for N apertures can be approximated as [32]
ω0 =
c
ri
√∑N
n=1wn
pil
. (2)
Generally an arbitrary number of apertures may be included. However for controlling Willis
coupling along one axis, two oppositely arranged apertures are sufficient, as illustrated in
Fig. 1. The apertures can be used to adjust the resonant frequency and the level of Willis
coupling. The maximum Willis coupling magnitude is exhibited when the structure shown
in Fig. 1 becomes maximally asymmetric, consistent with the single aperture meta-atoms
shown in Ref. [19].
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Experimental verification
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FIG. 2. (a) 3D-printed sample: single aperture meta-atom with a = 19mm, ri = 12mm,
w = 5.5mm and h = 66mm. (b, c): Schematic and photograph of experimental set-up. (d-g):
Theoretically predicted and experimentally determined components of the normalized polarizability
tensor. The error bars show the standard deviation resulting from the least squares fit over six
incident angles.
To experimentally demonstrate Willis coupling in the presented meta-atom, its polariz-
ability is determined in a 2D experiment. A single aperture meta-atom providing maximum
asymmetry is manufactured and investigated (see Fig. 2(a)). The incident and scattered
pressure fields are measured in a 2D parallel-plate waveguide [27] (see Fig. 2(b)) with sub-
sequent extraction of the polarizability tensor as detailed in the Supplementary Material
[32].
The polarizability tensor defined in Eq. (1) has elements with different units and val-
ues differing by many orders of magnitude. Therefore it is convenient to introduce the
normalized polarizability tensor α′, the elements of which are shown for our meta-atom
structure in Fig. 2(d-g). The normalized values are defined as α′pp = −2αpp, α′pv = −
√
2
ρc
αpv,
α′vp = ik
√
2αvp, and α′vv =
ik
ρc
αvv [19]. As required by reciprocity[19], the tensor satisfies
α′ = α′T−, since the off-diagonal terms are equal to each other with a sign reversal (see
6
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Fig. 2(e) and 2(f)). Furthermore, all polarizability components show strong peaks close to
the eigenfrequency predicted by Eq. (2). To investigate the magnitude of the meta-atom’s
Willis coupling, Fig. 3 shows the average of
∣∣α′pv∣∣ and ∣∣α′vp∣∣ determined experimentally (red
solid line) and analytically (cyan dashed line). Here, the peak Willis coupling at 1480Hz
achieves 74% of the theoretical bound 4/ω2.
1000 1200 1400 1600 1800 2000
f / Hz
0.0
0.2
0.4
0.6
0.8
1.0
W
illi
s c
ou
pl
in
g 
|
′ |
2 4
theory
exp.
f0
FIG. 3. Experimentally determined and theoretically predicted Willis coupling magnitude for a
single aperture meta-atom, normalized to the theoretical bound 4ω−2.
Polarizability theory
To show how the Willis coupling and other polarizability components can be tailored by
adjusting the meta-atom geometry, we develop a polarizability theory. The predictions of
this theory are shown in Figs. 2 and 3. It is based on multiple aperture Helmholtz resonator
dynamics for the outward directed particle displacement ξn within each aperture
iω3cradn
ρ0An
c
ξn + ω
2ρ0l
eff
n ξn −
K
V
∑
m
Amξm = p
ext
n . (3)
Here pextn is the external pressure at aperture n, ρ0 is the medium density, c is the speed of
sound, An = wn is the cross-section of the aperture, K = c2ρ0 is the bulk modulus, V is the
inner cavity volume, leffn = l+ceffn is the effective neck length (including a radiative correction)
and cradn is the radiative loss coefficient (see Fig. 1). The summation over m accounts for
coupling between apertures via compression of the center cavity. Considering all apertures
results in a matrix equation Keqξ = pext, where Keq is the dynamic stiffness matrix given
by Eq. (S38) of the Supplementary Material. This matrix allows the displacement to be
solved for an arbitrary incident pressure field and hence, the contribution of the oscillating
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air masses (see Fig. 1) to the scattering of the meta-atom. See the Supplementary Material
[32] for full details of the derivation.
We consider now the shape illustrated in Fig. 1. This restricts the Willis coupling to
a single axis and simplifies the problem to a 2 × 2 matrix. In this case the resonator
polarizability tensor αres is obtained as
αres = ρ0
 A1 A2
x1A1 x2A2
K−1eq
1 −iaρ0ω
1 iaρ0ω
 , (4)
The ratio between aperture widths w1
w2
= A1
A2
determines the strength of Willis coupling and
can be used to optimize the structure. Expanding Eq. (4) for a single aperture meta-atom
with w2 = 0 leads to the following expression for the polarizability
αres =
ρ0
 A1 −iaρ0ωA1
x1A1 −iaρ0ωx1A1

iω3crad ρ0A1
pic
+ ω2ρ0leff1 − KV A1
. (5)
The dynamic stiffness matrix becomes a scalar equation with the remaining projection matrix
being singular. The singularity arises because both the monopole and dipole moments are
determined from the air movement within a single aperture, but it presents no computational
difficulties, since the inverse of the polarizability tensor is not required.
As the Helmholtz resonator is embedded within a cylinder (see Fig. 1), there is an ad-
ditional influence on the meta-atom polarizability due to the background scattering from
the cylinder. Considering only the dipole and monopole terms, the polarizability tensor of
a cylinder of radius a is [32]
αcyl =
 4ik2c2 J1(ka)H(1)1 (ka) 0
0 8ρ0
k3c
J ′1(ka)
H
(1)′
1 (ka)
 , (6)
where Jn is a Bessel function, H
(1)
n is a Hankel function of the first kind and k = ω/c is the
wavenumber. As expected for a symmetrical geometry, the off-diagonal terms corresponding
to Willis coupling are zero. Since the resonator and cylinder are superimposed, they influence
the effective incident fields of each other through an additional scattered term:
p˘inccyl = p˘
inc + p˘scatres
p˘incres = p˘
inc + p˘scatcyl .
(7)
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This results in a coupled formulation for the monopole and dipole moments of the cylinder
and the Helmholtz resonator as
M cyl
Dcyl
M res
Dres
 =
 I −αcylE
−αresE I
−1 αcyluinc
αresuinc
 . (8)
where uinc =
[
p˘inc v˘incx
]T
is the incident field vector and E = diag
(
− ik2c2
4
H
(1)
0 (ka),− k
2c
4aρ0
H
(1)
1 (ka)
)
represents the acoustic propagation from the cylinder to each of the apertures. Finally,
adding the monopole and dipole moments from Eq. (8) results inM tot
Dtot
 =
M cyl +M res
Dcyl +Dres
 = αtotuinc, (9)
which gives the total polarizability tensor αtot. The components of αtot for a single aperture
meta-atom with a = 19 mm, ri = 12 mm, w = 5.5 mm, c = 343 m/s, and ρ0 = 1.2 kg/m3 are
shown together with the experimental results in Fig. 2.
DISCUSSION
Figure 2 shows the measurement of strong Willis coupling in the proposed structure. It
can be seen that the line-shape and resonant frequency are well described by our theoretical
model. To illustrate how closely our meta-atom approaches the theoretical bound, the
magnitude of the Willis coupling is plotted in Fig. 3. The difference between the experimental
and theoretical values can be attributed to the thermo-viscous losses of air and the non-zero
compliance of the meta-atom, which are not treated in the presented theory. To investigate
which of these mechanisms dominates the losses within the meta-atom, we first consider the
thermo-viscous losses. These are modelled using the Finite Element Method (FEM), with
the resulting Willis coupling shown in Fig. 4. The results show that thermo-viscous losses
lead to a reduction of only 2.8% in the magnitude of Willis coupling. We note that this
reduction is much less than that previously reported for space-coiling meta-atoms with thin
channels (see Supplementary Material of Ref. [19]).
Since viscous losses have a relatively minor influence on the magnitude of the Willis
coupling, the reduction observed in the experiments can be attributed to the Polylactic Acid
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FIG. 4. Numerical comparison of Willis coupling showing the influence of thermo-viscous losses
in air, which cause a reduction in magnitude of only 2.8%.
(PLA) from which the meta-atom is fabricated not having a perfectly hard boundary. The
PLA can be modelled as viscoelastic material, which can be represented within the Boundary
Element Method (BEM) model through an equivalent surface admittance. The imaginary
part of this admittance is expected to have negligible influence on the results. Therefore,
we use a purely real admittance of 0.0057 (ρc)−1, equivalent to an absorption of 2.25%,
consistent with experimentally measured values [33]. As shown in Fig. 5, incorporating this
surface admittance into the BEM model decreases the peak Willis coupling to approximately
74% of the theoretical maximum, matching well with our experimental observations.
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FIG. 5. Willis coupling calculated numerically when incorporating a lossy surface admittance of
0.0057 (ρc)−1, reducing the peak value to match the experimental results.
In addition to the experimentally demonstrated maximum Willis coupling, the structure
presented in Fig. 1 can be tailored to have Willis coupling from zero up to the theoretical
10
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bound. To demonstrate this property, normalized Willis coupling for four different parameter
sets is shown in Fig. 6. The red meta-atom on top illustrates the single aperture configuration
similar to the experimentally investigated structure from Fig. 2(a). Once a second aperture
with neck width w2 is introduced, Willis coupling is significantly reduced (Fig. 6 magenta
and violet lines). This would result in a frequency shift, as expected from Eq. (2). To
avoid this, w1 is tuned to match the peak frequency of the single aperture case. When w2
is further increased and the shape starts to converge to the symmetrical case (Fig. 6 blue,
w1
w2
≈ 1.1), the Willis coupling becomes very weak and disappears completely when w1
w2
= 1.
This behavior is of practical importance, since it allows tailoring of the Willis coupling to
any desired values. A full parametric analysis of the influence of w1 and w2 on the resonant
frequency and peak Willis coupling is presented in the Supplementary Material Fig. S6 [32].
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FIG. 6. Willis coupling of four different meta-atom geometries, where w2 is varied to control Willis
coupling and w1 is tuned to keep the peak frequency fixed.
CONCLUSION
We introduced and experimentally validated a novel meta-atom exhibiting strong Willis
coupling. The experiment revealed a Willis coupling magnitude reaching 74% of the theo-
retical bound. It was demonstrated numerically that this difference is dominated by losses
within the meta-atom material (PLA). In this structure thermo-viscous losses in air are quite
small, whereas they are much stronger in previously reported space-coiling meta-atoms. Ad-
ditionally, the simple shape of our structure facilitates manufacturing and enables accurate
analytical modeling. Combining the models of a Helmholtz resonator and a cylindrical scat-
terer, a theory was developed and shown to agree well with numerical simulations. Since our
11
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structure enables Willis coupling to be tailored, this theory can be used to engineer Willis
coupling for specific applications.
METHODS
Extraction of Polarizability Tensor
The polarizability relationship given in Eq. (1) is used to illustrate Willis coupling, where
it appears as the off-diagonal termsαpv andαvp. An extraction method is necessary to obtain
the polarizability of a scatterer from an experiment or numerical model. For simplicity,
only the 2D case is considered. We build on the method for extracting polarizability from
highly symmetric 2D structures in Ref. [27], which does not account for Willis coupling.
This method makes use of the incident and scattered pressure fields around the object and
fits Bessel and Hankel functions to them as pinc(r, θ) =
∑
n βnJn(kr)e
inθ and pscat(r, θ) =∑
n γnH
(1)
n (kr)einθ. Since only monopole and dipole components are of importance, the
problem can be reduced to considering n = −1, 0, 1 terms. Following this, the incident
pressure at the meta-atom center is p˘inc = β0 and the particle velocity v˘incx,y =
β1∓β−1
2cρ0
. The
monopole moment M = −4γ0
ik2c2
and the dipole moments Dx,y = −4(γ1∓γ−1)ik3c2 can be retrieved
from the scattered field.
The expansion coefficients βn and γn can be obtained from measured or numerically
determined pressure on circles with radii Rinc and Rscat respectively. From the orthogonality
of exponential functions the coefficients can be found as
βn =
1
2piJn(kRinc)
∫ 2pi
0
pinc(Rinc, θ)e−inθdθ (10)
and
γn =
1
2piH
(1)
n (kRscat)
∫ 2pi
0
pscat(Rscat, θ)e−inθdθ. (11)
To avoid the singularity of Eq. (10) due to zeros of the Bessel function [27], we ensure
Rinc < 2.4
k
. However, Rscat should be significantly larger than the meta-atom outer radius
to reduce near field contributions. These conflicting requirements mean that Rinc and Rscat
are different in general.
To fully determine the polarizability in 2D, p˘inc, v˘inc, M and D must be determined
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for at least 3 incident angles. The incident field quantities for all available angles θ1..m are
arranged in a matrix Υ as
Υ =

p˘inc (θ1) v˘
inc
x (θ1) v˘
inc
y (θ1)
...
...
...
p˘inc (θm) v˘
inc
x (θm) v˘
inc
y (θm)
 (12)
Knowing M and D for each θ1..m, allows the polarizability tensor α to be determined by
inversion of Υ. For increased robustness, we take additional angles. The polarizability
tensor is then determined via least squares as
α =
(
ΥTΥ
)−1
ΥT

M (θ1) Dx (θ1) Dy (θ1)
...
...
...
M (θm) Dx (θm) Dy (θm)
 . (13)
Numerical model
To obtain a numerical solution for the polarizability a custom 2D boundary element
method code is used, as described in Ref. [27]. It uses continuous elements with a quadratic
interpolation functions [34] and discretization by collocation method [35] with an adaptive
integration scheme [36]. Initially the solids are treated as acoustic hard boundaries, except
for the results shown in Fig. 5, where surface impedance boundary conditions are used.
Thermo-viscous losses in air are not included in this formulation. The incident field is a unit
intensity plane wave, therefore p˘inc and v˘inc are known explicitly.
To calculate the influence of thermo-viscous losses in air on the polarizability of the
meta-atom (Fig. 4) the commercial FEM code COMSOL Multiphysics was utilized.
Waveguide Scattering Experiment
To experimentally determine the incident and scattered pressure fields we use a 2D ane-
choic waveguide chamber presented in [27]. The propagation medium is air with an acoustic
velocity of 343 m/s. The height of the chamber (66mm) supports only a single propagation
mode at frequencies up to 2600Hz, making it a 2D wave propagation system. The excitation
source is a speaker, excited by a continuous wave with frequency varying between 1000Hz
13
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and 2000Hz in 40Hz steps. The response is measured by a microphone, which is moved in
two axes by belts driven by stepper motors.
The sample is a single aperture meta-atom shown in Fig. 1(a). This meta-atom was
manufactured on a RepRap X400 3D printer using PLA filament with 100% filling. Addi-
tionally, rubber seals (black) are glued on top and bottom to prevent air leakage from the
resonator cavity and to achieve more homogeneous clamping. The incident field is measured
at a radius Rinc = 40 mm. The scattering of the sample is measured at 6 different incident
angles (0◦, 90◦, 180◦, 270◦, 60◦, 120◦) at a radius of Rscat = 200 mm.
∗ anton.melnikov@tum.de
† david.powell@adfa.edu.au
[1] Steven A. Cummer, Johan Christensen, and Andrea Alù, “Controlling sound with acoustic
metamaterials,” 1, 16001.
[2] Sukmo Koo, Choonlae Cho, Jun-ho Jeong, and Namkyoo Park, “Acoustic omni meta-atom
for decoupled access to all octants of a wave parameter space,” 7, 13012.
[3] Nicholas Fang, Dongjuan Xi, Jianyi Xu, Muralidhar Ambati, Werayut Srituravanich, Cheng
Sun, and Xiang Zhang, “Ultrasonic metamaterials with negative modulus,” 5, 452–456.
[4] Zhengyou Liu, Xixiang Zhang, Yiwei Mao, Y. Y. Zhu, Zhiyu Yang, C. T. Chan, and Ping
Sheng, “Locally resonant sonic materials,” 289, 1734–1736.
[5] Muralidhar Ambati, Nicholas Fang, Cheng Sun, and Xiang Zhang, “Surface resonant states
and superlensing in acoustic metamaterials,” 75, 10.1103/PhysRevB.75.195447.
[6] Shu Zhang, Leilei Yin, and Nicholas Fang, “Focusing ultrasound with an acoustic metamaterial
network,” 102, 194301 ().
[7] Daniel Torrent and José Sánchez-Dehesa, “Acoustic metamaterials for new two-dimensional
sonic devices,” 9, 323.
[8] Daniel P. Elford, Luke Chalmers, Feodor V. Kusmartsev, and Gerry M. Swallowe, “Matryoshka
locally resonant sonic crystal,” 130, 2746–2755.
[9] Shu Zhang, Chunguang Xia, and Nicholas Fang, “Broadband acoustic cloak for ultrasound
waves,” 106, 024301 ().
[10] Li Quan, Xiaozhou Liu, and Xiufen Gong, “Quasi-phase-matched backward second-harmonic
14
Waveguide Scattering Experiment METHODS
generation by complementary media in nonlinear metamaterials,” 132, 2852–2856 ().
[11] J. R. Willis, “Variational principles for dynamic problems for inhomogeneous elastic media,”
3, 1–11 ().
[12] J. R. Willis, “The nonlocal influence of density variations in a composite,” Topics in Continuum
Mechanics, 21, 805–817 ().
[13] J. R. Willis, “Effective constitutive relations for waves in composites and metamaterials,” 467,
1865–1879 ().
[14] D. K. Cheng and Jin-Au Kong, “Covariant descriptions of bianisotropic media,” 56, 248–251.
[15] Jin Au Kong, “Theorems of bianisotropic media,” 60, 1036–1046.
[16] Michael B. Muhlestein, Caleb F. Sieck, Andrea Alù, and Michael R. Haberman, “Reciprocity,
passivity and causality in willis materials,” 472, 20160604 ().
[17] Andrea Alù, “Restoring the physical meaning of metamaterial constitutive parameters,” 83,
081102.
[18] Junfei Li, Chen Shen, Ana Díaz-Rubio, Sergei A. Tretyakov, and Steven A. Cummer, “System-
atic design and experimental demonstration of bianisotropic metasurfaces for scattering-free
manipulation of acoustic wavefronts,” 9, 1342.
[19] Li Quan, Younes Ra’di, Dimitrios L. Sounas, and Andrea Alù, “Maximum willis coupling in
acoustic scatterers,” 120 (), 10.1103/PhysRevLett.120.254301.
[20] Younes Ra’di, Dimitrios L. Sounas, and Andrea Alù, “Metagratings: Beyond the limits of
graded metasurfaces for wave front control,” 119, 067404.
[21] Viktar S. Asadchy, Ana Díaz-Rubio, and Sergei A. Tretyakov, “Bianisotropic metasurfaces:
Physics and applications,” Nanophotonics 7, 1069–1094 (2018).
[22] Yong Li, Bin Liang, Xu Tao, Xue-feng Zhu, Xin-ye Zou, and Jian-chun Cheng, “Acoustic
focusing by coiling up space,” Applied Physics Letters 101, 233508 (2012).
[23] Y. Cheng, C. Zhou, B. G. Yuan, D. J. Wu, Q. Wei, and X. J. Liu, “Ultra-sparse metasurface
for high reflection of low-frequency sound based on artificial mie resonances,” 14, 1013–1019.
[24] Gengxi Lu, Erliang Ding, Yangyang Wang, Xiuyuan Peng, Jun Cui, Xiaozhou Liu, and
Xiaojun Liu, “Realization of acoustic wave directivity at low frequencies with a subwavelength
mie resonant structure,” 110, 123507.
[25] Keith Attenborough, “Acoustical characteristics of rigid fibrous absorbents and granular ma-
terials,” 73, 785–799.
15
Waveguide Scattering Experiment METHODS
[26] Michael R. Stinson, “The propagation of plane sound waves in narrow and wide circular tubes,
and generalization to uniform tubes of arbitrary cross-sectional shape,” 89, 550–558.
[27] Joshua Jordaan, Stefan Punzet, Anton Melnikov, Alexander Sanches, Sebastian Oberst, Steffen
Marburg, and David A. Powell, “Measuring monopole and dipole polarizability of acoustic
meta-atoms,” arXiv:1809.04526 [physics] (2018), arXiv: 1809.04526.
[28] Michael B. Muhlestein, Caleb F. Sieck, Preston S. Wilson, and Michael R. Haberman, “Exper-
imental evidence of willis coupling in a one-dimensional effective material element,” 8, 15625
().
[29] Hans Günter Dosch, “Radiative feedback in helmholtz resonators with more than one opening,”
140, 3576–3581.
[30] Brian C. Crow, Jordan M. Cullen, William W. McKenzie, Vijay Koju, and William M.
Robertson, “Experimental realization of extraordinary acoustic transmission using helmholtz
resonators,” 5, 027114.
[31] Lawrence E. Kinsler, Fundamentals of acoustics (Wiley).
[32] Supplementary Material.
[33] Dakai Chen, Jing Li, and Jie Ren, “Study on sound absorption property of ramie fiber rein-
forced poly(l-lactic acid) composites: Morphology and properties,” Composites Part A: Applied
Science and Manufacturing 41, 1012 – 1018 (2010).
[34] Steffen Marburg and Bodo Nolte, Computational Acoustics of Noise Propagation in Fluids -
Finite and Boundary Element Methods (Springer-Verlag).
[35] T. W. Wu, Boundary element acoustics: fundamentals and computer codes (WIT).
[36] Steffen Marburg, “Boundary element method for time-harmonic acoustic problems,” in Com-
putational Acoustics, CISM International Centre for Mechanical Sciences (Springer, Cham)
pp. 69–158.
16
